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ABSTRACT 

 

Objectives. Caries at the interface of dental materials and 

mineralized tooth structure continues to be a significant issue in oral 

healthcare.  The objectives of this study were to demonstrate the 

effect that microencapsulated water has on charging an orthodontic 

cement and pit and fissure sealant with fluoride by toothbrushing, 

demonstrate the slow, sustained release of calcium, fluoride and 

phosphate ions from these materials initially formulated with 

remineralizing agents, examine the effect of microcapsules on cement 

adhesion to enamel and examine if a pit and fissure sealant releasing 

remineralizing ions promotes enamel fluoride uptake by 

demineralized tooth structure.  

Methods. Cements and sealants that contained microcapsules with 

water and controls without microcapsules were brushed with over-

the-counter toothpaste; fluoride release was measured.  Materials 

that contained microencapsulated solutions of 5.0M Ca(NO3)2, 0.8M 

NaF, 6.0M K2HPO4 or a mixture of all three were prepared. Ion 

release profiles were measured as a function of time.  Adhesion 

measurements were performed with an Instron test frame loading 

orthodontic brackets to failure.  Enamel fluoride uptake by 
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demineralized tooth structure was determined by a modified version 

of the FDA Method 40. 

Results. A greater fluoride charge and release from toothbrushing 

was demonstrated compared to a control material with no 

microcapsules.  Sustained release of remineralizing ions from cement 

and sealant formulated with preloaded microencapsulated ions was 

demonstrated.  Adhesion of orthodontic cement that contained 

microencapsulated remineralizing agents was 8.5±2.5 MPa compared 

to the control without microcapsules, which was 8.3±1.7 MPa.  

Fluoride uptake by demineralized enamel was significantly increased 

compared to a control sealant manufactured without microcapsules.  

Bovine enamel that contained 2.2±2.1 μg F/g of enamel prior to 

exposure to a sealant without microcapsules had 2.3±0.5 after 90 

days.  Enamel exposed to sealant with 5w/w% NaF microcapsules 

went from 3.5±3.5 μg F/g of enamel prior to exposure to 148±76 after 

90 days.  Enamel exposed to sealant with 2w/w% NaF, 2w/w% 

Ca(NO3)2 and 1w/w% K2HPO4 microcapsules increased from 1.7±0.7 

μg F/g of enamel prior to exposure to 190±137 after 90 days. 

Significance. Polyurethane based microcapsules within dental 

sealants and cement pastes contain bioactive properties and are 

promising for remineralization. 
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1.1 Oral Environment  

Although the prevalence of dental caries is decreasing per 

capita, caries continue to be a major global problem [1].  Caries is 

defined here as a loss of ions, structure or the decay of the tooth.  The 

enamel is made up of some organic materials, about 2-3%, but is 

mostly composed of an inorganic mineral called hydroxyapatite 

(Ca₁₀(PO₄)₆(OH)₂).  Hydroxyapatite forms by a secretion of proteins 

forming a matrix of prisms and prism sheaths from ameloblast cells 

[2].  Hydroxyapatite is formed in a lattice structure composed of 

calcium (Ca2+), phosphate (PO4-) and hydroxide (-OH) ions. The 

formation of hydroxyapatite is essential for the tooth to maintain 

proper form and function. 

Demineralization, or the loss of calcium, phosphate and 

hydroxide ions create caries within the enamel.  In the oral 

environment there is a fluid dynamic between demineralization and 

remineralization of the mineral making up the enamel.  An 

important factor in consideration of whether remineralization or 

demineralization is favored in the oral environment is the pH.  If the 

pH is above 5.5 and calcium, phosphate and hydroxide ions are 

available then the tooth can begin to remineralize the demineralized 

tooth structure, repairing the lattice.  The pH can fluctuate in the 

oral environment by the variability of genetics, proper oral health 
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care and diet. When high amounts of sugar are exposed to the tooth, 

bacterium like Streptococcus mutans and Lactobacillus casei 

proliferate in the plaque.  These bacteria metabolize sugar while 

producing acid as a byproduct.  When large amounts of acids are 

being produced in the plaque fluid the pH level drops.  If the drop in 

pH is below the critical pH of the enamel, then demineralization 

becomes favored.  These phases of demineralization and 

remineralization can vary between locations within the same lesion 

on the tooth [3]. 

 

1.2 Secondary Caries 

Demineralization is prevented by proper oral health care (e.g. 

daily brushing).  However, extremely misaligned teeth and 

malocclusion limit this form of prevention.  Areas that are hard to 

reach with a toothbrush will experience greater exposure to the 

bacteria, causing more plaque buildup and longer intervals of 

demineralization.  Orthodontists adhere brackets to teeth using 

orthodontic cement to fix misalignment and malocclusion of the 

teeth.  Wires are inserted onto these brackets that apply the forces 

needed to straighten the teeth without harm to the oral cavity.  When 

teeth are straight and aligned properly they are more available to 



4 
 

daily personal treatments (e.g. brushing) to reduce the risk of dental 

caries. 

Orthodontic cements and other organic composites are 

commonly used in dental restoratives due to the ease of use and 

aesthetic quality the patient desires.  These materials are great for 

the purposes of straightening teeth and restoring proper tooth 

function upon enamel loss.  However, secondary caries continue to 

form.  Secondary caries are a loss of structure; demineralization or 

decay of the tooth after restorative dental work has been done and 

are the most frequent reason for the replacement of all types of 

restorations [4].  Undesired side effects of orthodontic cements are 

white spot lesions, a form of demineralization [5-7].  If 

demineralization of the tooth enamel continues around the 

orthodontic bracket then an opaque square shaped lesion develops 

called a white spot lesion.  Reviews show that exposure to fluoride 

ions on the demineralized tooth structure will assist in the treatment 

of white spot lesions after an orthodontic procedure [8-10]. 

 

1.3 Current Treatments 

A recent review has extensively covered approaches to enamel 

remineralization [11].  Fluoride ions, in the presence of 

hydroxyapatite may promote the formation of fluorapatite 
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(Ca₁₀(PO₄)₆F₂) [12-14].  Fluorapatite has a lower solubility product 

(KSP) than hydroxyapatite and the critical pH for dissolution of the 

mineral is lower [15].  As a result, fluoride has been introduced into 

drinking water, mouth rinses and toothpastes.  Brushing with 

fluoridated toothpaste may help with the remineralization process by 

removing bacteria from the immediate surface of the tooth and 

exposing the demineralized enamel to fluoride ions, possibly forming 

fluorapatite.  A review has been published showing other dental 

materials besides toothpaste that release fluoride ions to promote the 

formation of fluorapatite [16].  Most materials contain an initial 

burst of fluoride ions when the material is first placed and a slow 

release over the course of the following day [17].  Differing results 

(e.g. solubility, exposure, viscosity and diffusability) in these 

materials make the structural role of fluoride in these materials 

unclear [18-21].  

After fluoride ions are present in the oral environment the 

limiting factor in remineralization may be the concentration of 

calcium and phosphate ions [22,23]. Studies have indicated that 

elevated levels of phosphate and calcium in the saliva and plaque 

fluid help to lower the incidence of caries [24-27].  Some studies have 

reported that increased levels of calcium in the plaque increase the 

ability of the plaque to retain fluoride, thereby extending the 



6 
 

potential time of fluoride availability in the oral environment [28]. 

Several other approaches to promote remineralization of enamel are 

bioactive glass systems, unstabilized and stabilized amorphous 

calcium phosphate systems, and calcium orthophosphates [29-41]. In 

many cases the source of a bioactivity is from some form of bioactive 

glass (BAG) [22,42].  One example is a material that utilizes casein 

phosphopeptide amorphous calcium phosphate (CPP-ACP), which 

releases calcium and phosphate ions near the enamel surface to 

promote mineral formation [21,43].  CPP-ACP uses a milk derived 

protein that can stabilize calcium, phosphate and fluoride ions into a 

more available amorphous complex while binding adjacent to the 

tooth to allow the ions to reach subsurface enamel lesions [44].  CPP-

ACP transform from an amorphous phase to a crystalline phase of 

hydroxyapatite.  Recently CPP-ACPs have been used with zirconia 

for a slower release of calcium and phosphate ions [45].  Despite the 

use of fluoride, calcium and phosphate ions, demineralization 

remains a challenge in oral healthcare. 

Regardless of the deficiencies of the quantification of fluoride 

uptake into the enamel, reviews of materials such as glass ionomers 

and resin based materials show the ability to release fluoride ions 

initially and recharge to release fluoride ions again to continue the 

promotion of fluorapatite formation on the enamel [15].  All of these 
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materials, when incorporated directly near the tooth improve 

remineralization in some form [46-48].  The ion-releasing agents 

require the dissolution or etching of the mineral fillers in order to 

release remineralizing ions.  As a result, it would be ideal to innovate 

a filler material that can release fluoride, calcium and phosphate ions 

in their bioavailable forms adjacent to the enamel without dissolution 

of the dental material for remineralization. 

 

1.4 Microcapsule Treatments 

A novel approach to promote remineralization through 

bioactive fillers has been reported.  This approach incorporated 

microcapsules that could be loaded into any type of dental material 

and are capable of releasing fluoride, calcium and phosphate in a 

bioavailable form.  Davidson, et al. showed microcapsules composed 

out of different polymers were able to release bioavailable forms of 

calcium, phosphate, and fluoride ions through a semipermeable 

membrane.  The membranes used showed a difference of 

permeability and the potential to control the rate of ion release [49].  

Falbo, et al. extended this study by incorporating these 

microcapsules into rosin varnishes and resin glazes [50].  This study 

showed some of the key variables of controlling ion release rates over 

extended periods of time [51]. 
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In this study, several orthodontic cement paste and pit and 

fissure sealant formulations were prepared with and without 

microcapsules.  Initially, the ability of a non-fluoridated composite 

orthodontic cement paste and pit and fissure sealant formulated with 

microcapsules containing only nanopure water (water free of ions).  

This was done to determine if the microcapsules promoted fluoride 

charge in the oral environment from a simple, over the counter 

toothpaste.  This sample was compared to control formulations with 

no microcapsules formulated within.  The study was accomplished by 

cycling forty brushing cycles with toothpaste on these samples before 

being monitored for the subsequent rerelease of fluoride ions from 

these materials over time.  From there, the release of fluoride, 

calcium and phosphate ions from orthodontic cement pastes and pit 

and fissure sealants formulated with microcapsules containing 

remineralizing ions such as calcium, phosphate and fluoride was 

established through static release.  Next, if incorporating 

microcapsules into orthodontic cement paste affected the adhesion of 

the orthodontic bracket to the tooth was examined. 

A final aspect of this work studied the fluoride uptake by 

enamel placed in the proximity of a pit and fissure sealant 

formulated with encapsulated remineralizing agents.  In order for 

toothpaste to receive the FDA monograph, a series of laboratory tests 
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demonstrates the bioavailability of the fluoride in the toothpaste and 

the uptake of fluoride by demineralized enamel.  One test in 

particular, the FDA Method 40, is commonly used to report the 

uptake of fluoride by demineralized enamel from exposure to 

toothpaste.  The use of a modified Method 40 applied to pit and 

fissure sealant formulated with microcapsules containing aqueous 

solutions of remineralizing ions was explored. 

  



10 
 

 
 
 
 
 
 
 
 

 
 
 
 

CHAPTER 2 

___________________________________ 

Materials and Methods 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



11 
 

2.1 Prepolymer synthesis 

Microcapsules were prepared with a polyurethane shell via a 

prepolymer synthesis in an inert environment at 70 ◦C. A 

cyclohexanone solvent was used to react ethylene glycol (Fisher, New 

Jersey) with isophorone diisocyanate (Sigma–Aldrich, Steinheim) and 

left overnight.  The prepolymer was then dried by vacuum. 

 

2.2 Microcapsule synthesis 

The prepolymer, after being dried, was added to an 

emulsifying agent and methyl benzoate (Acros Organics, New 

Jersey).  Aqueous salt solutions of 6.0 M potassium phosphate dibasic 

(Fisher Scientific, New Jersey), 5.0 M calcium nitrate tetrahydrate 

(Alfa Aesar, Massachusetts) and 0.8 M sodium fluoride (MP 

Biomedicals, Ohio) were prepared.  These were introduced to the 

prepolymer during synthesis after having prepared a reverse 

emulsion. [49] 

When the prepolymer oil solution is agitated and the aqueous 

salt solution is introduced, a reverse emulsion forms.  The oil solution 

was agitated in a custom made reactor at 70 ◦C while the aqueous 

salt solution was added slowly.  The reaction was then quenched 

using ethylene glycol to drive the reaction to the desired product.  
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These microcapsules were centrifuged in a Fisher Centrific 288 

centrifuge using a diluent, rinsed and prepared for formulation into 

the dental materials. 

 

2.3 Orthodontic cement formulations 

This study included different formulations of orthodontic 

cements.  An orthodontic cement formulation was formulated with 

microcapsules containing 7 w/w% nanopure water.  There was only 

water within the microcapsules of this formulation to unambiguously 

determine the source of fluoride for use in the charging experiment.  

Three manufactured formulations were obtained from BJM 

Laboratories.  The first of these were formulated to incorporate 5 

w/w% of microcapsules that contained 0.8 M sodium fluoride aqueous 

salt solution.  The second formulation consisted of microcapsules 

containing a mixture of 2 w/w% 0.8 M sodium fluoride, 2 w/w% 5.0 M 

calcium nitrate tetrahydrate and 1 w/w% 6.0 M potassium phosphate 

dibasic aqueous salt solutions (2/2/1), all the ions needed for 

remineralization.  The third formulation was prepared as a control in 

which no microcapsules were added. 

Two more formulations were prepared in lab for ion release 

studies by adding microcapsules into the formulation containing no 

microcapsules to complement the BJM manufactured formulations.  
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The first formulation included microcapsules containing 3 w/w% 6.0 

M potassium phosphate dibasic aqueous salt solution.  The second 

formulation included microcapsules containing 3 w/w% 5.0 M calcium 

nitrate tetrahydrate aqueous salt solution. 

 

2.4 Pit and Fissure Sealant Formulations 

To complement the orthodontic cement formulated with 7 

w/w% nanopure water filled microcapsules a pit and fissure sealant 

was formulated in lab with 7 w/w% nanopure water for the charging 

experiment.  BJM Laboratories manufactured five experimental pit 

and fissure sealant formulations for this study.  The first formulation 

was prepared as a control in which no microcapsules were added.  

Three formulations were prepared that contained a singular type of 

encapsulated remineralizing agent. Each of these formulations 

incorporated 5 w/w% of microcapsules that contained either 0.8 M 

sodium fluoride, 5.0 M calcium nitrate or 6.0 M potassium phosphate 

dibasic.  The fifth formulation contained a mixture of all three 

microcapsules.  The mixture consisted of 2 w/w% sodium fluoride 

microcapsules, 2 w/w% calcium nitrate microcapsules and 1 w/w% 

potassium phosphate dibasic microcapsules.  
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Figure 1a: A picture of a custom built toothbrushing instrument where four dental films 
could be simultaneously brushed by four toothbrushes. 

2.5 Fluoride charge and release 

Specimens were prepared by gluing (Amazing Goop®, Eclectic 

Products Inc, Pineville) plastic washers (Nylon standard flat washers 

obtained from Washers USA. Outer dimension: 15.875 mm, inner 

dimension: 9.525 mm, thickness: 0.8128 mm, surface area: 71.3 mm2, 

total volume: 57.9 mm3) onto microscopes slides (Fisherfinest® 

premium microscope slides, 3” x 1” x 1 mm).  The specimens were 

weighed before being filled with either an orthodontic cement paste 

or pit and fissure sealant sample.  Samples (n=60) were formulated 

with the microcapsules filled with nanopure water.  The 

microcapsules were filled with nanopure water to unambiguously 

determine the source of the fluoride for the charging experiment.  
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Control samples (n=60) that contained either orthodontic cement or 

pit and fissure sealant with no microcapsules were also placed in 

separate washers on microscope sides.  All samples (n=240) were 

cured for 40 seconds using a Spectrum 800 curing light at 600 

mW/cm2 on each side before being placed in a DENTSPLY Triad® 

Visible Light Cure System for five minutes.  The specimens were 

polished using a 320 grit polish wheel to obtain even surface areas 

and weighed again before overnight storage in 100% humidity. 

 

Figure 1b: Four slides that each contained three washers were brushed for two minutes 
each for 40 cycles.  The slide position was easily adjusted underneath the toothbrush in 
order to brush each film on the slide separately. 

The samples were placed on a custom toothbrushing 

instrument, as shown in Figure 1a, and exposed to toothpaste slurry.  

The slurry was prepared by stirring a 50 w/w% Arm and Hammer 

Advance White Stain Defense Extreme Whitening regular fluoridated 
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toothpaste containing 0.243% sodium fluoride with 50 w/w% 

nanopure water.  A 0.4 mL dollop of the 1:1 toothpaste to nanopure 

water slurry was placed on each sample and brushed for the 

recommended time of two minutes.  After each two-minute brushing 

period the samples were wiped with a kimwipe before 0.4 mL of the 

toothpaste slurry was reapplied for another two minute brushing 

cycle.  After being brushed for five cycles the samples were rinsed 

with nanopure water and wiped with a kimwipe for the brushing 

cycles to continue.  Each sample was brushed for 40 cycles.  The 

control samples were treated identically for comparison. 

After brushing, the slides were cleaned and dried.  The 

microscope slides were loaded back to back into disinfected slide 

dishes with 200 mL of nanopure water.  Each slide dish consisted of 

20 slides, for a total of 60 washers with films.  1.0 mL aliquots were 

taken to measure fluoride release at time zero, 1 hour, 1 day, 4 days 

and 1 week.  Nanopure water was restored for the aliquot taken to 

maintain total volume in the slide dish.  Potentiometry was used to 

measure the fluoride ion concentration.  Each aliquot was measured 

three times.  The average ion release was divided by the total mass of 

orthodontic cement within the slide container for normalization. 
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2.6 Static ion release set-up 

The orthodontic cements were placed into nylon washers, 

which were fixed to glass microscope slides using a standard water 

resistant adhesive as done in section 2.4 but with each material 

formulated with an individual ion.  Static ion release profiles were 

set up using the orthodontic cements that were formulated with 

microcapsules containing potassium phosphate dibasic or calcium 

nitrate tetrahydrate aqueous salt solutions added to the BJM 

manufactured cement in the lab, or the BJM manufactured fluoride 

or 2/2/1 aqueous salt solutions.  The orthodontic cements were cured 

by using a Spectrum 800 curing light at 600 mW/cm2 for 1 min on the 

top and one minute on the bottom of the washer.  Specimens were 

cured for an additional 5 minutes using a DENTSPLY Triad® Visible 

Light Cure System.  The microscope slides were loaded back to back 

into disinfected slide dishes with 200 mL of nanopure water.  Each 

slide dish consisted of 20 slides, for a total of 60 washers with films.  

1.0 mL aliquots were taken immediately the first day at time zero 

and at 1 hour and then at days 1, 4, 7, 30 and at three-month 

intervals thereafter.  The volume taken from the slide dish during 

each aliquot was consistently refreshed with the same volume of 

nanopure water. 
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The as manufactured pit and fissure sealants were transferred 

from the syringes into washers, which were fixed, to glass microscope 

slides using a standard water resistant adhesive. Each slide 

consisted of three washers.  The sealants were light cured by using a 

Spectrum 800 curing light at 600 mW/cm2 for 40 Seconds on the top 

and 40 seconds on the bottom (per washer).  Specimens were cured 

for an additional 5 minutes using a DENTSPLY Triad® Visible Light 

Cure System.  The microscope slides were loaded back to back into 

disinfected slide dishes with 200 mL of nanopure water.  Each slide 

dish consisted of 20 slides, for a total of 60 washers with films.  1.0 

mL aliquots were taken immediately at time zero and at 1 hour and 

then at days 1, 4, 7, 30 and at three-month intervals thereafter.  The 

volume taken from the slide dish during each aliquot was 

consistently refreshed with the same volume of nanopure water. 

 

2.7 Phosphate ion detection 

In order to determine the concentration of phosphate ion in a 

given aliquot, the classic molybdenum blue method was used [52].  A 

Tecan Infinite M200 spectrophotometer was used to measure 

absorbance values of the molybdenum complex at 882 nm.  Each 

measurement was performed in triplicate. 
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2.8 Calcium and fluoride ion detection 

Potentiometry was used to determine the concentration of 

calcium and fluoride ions [53].  An ELIT 1265 calcium specific 

electrode was used for the calcium ion; An ELIT 8221 fluoride specific 

electrode was used for the fluoride ion.  Both of the aforementioned 

electrodes were used in conjunction with an ELIT 001N silver 

chloride reference electrode. 

 

2.9 Adhesion Measurement Procedure 

Using water as lubricant, bovine teeth were sectioned with an 

ISOMET low speed diamond saw (Buehler, Illinois) mesiodistally at 

the junction of the incisal and middle third as well as the junction of 

the middle and gingival third.  These specimens were placed in an 

acrylic mold with the enamel exposed.  The teeth were acid 

conditioned using 35% phosphoric acid (Ultradent, Utah) for 20 

seconds, rinsed and air-dried.  Primer was applied to the tooth and 

visible light cured by a Spectrum 800 curing light at 600 mW/cm2 for 

20 seconds.  Orthodontic cement was applied to orthodontic brackets 

(n=10) containing the BJM manufactured 2/2/1 formulation with 

microcapsules.  A control (n=10) paste was prepared using the 

formulation without microcapsules.  These orthodontic cement pastes 

were pressed to exude excess cement, cleaned and light cured for 20 
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seconds per each of the four sides.  The light was held at a 45◦ angle 

for each of the 4 exposures.  The specimens were stored in water at 

37 ◦C for 7 days before being loaded to failure at 1 mm per minute 

using a crosshead-shearing fixture rounded to fit the bracket on an 

Instron (model) test frame.  The surface area of each bracket was 

measured and calculated to be 13.86 mm2.  Shear bond strength was 

measured and reported in Megapascals (MPa). 

 

2.10 Modified FDA Method 40 

 

2.10.1 Specimen preparation 

Bovine teeth were selected and mounted in acrylic.  The teeth 

were mounted so that the core was cut from lingual to buccal. The 

mounted sample was attached to a cutting box and water flowed over 

the surface as a 3 mm diamond tipped drill bit was used to remove a 

3 mm core of enamel.  The specimens were sanded down with 240-

grit silicon carbide to obtain a flat surface, minimalizing the surface 

area variability.  Once the core has a flat buccal surface it can be 

remounted in blue acrylic. 

The tooth is placed, buccal side down, on a sticky label keeping 

the entire buccal side flush with the table.  A modified syringe is 

placed around the tooth core.  The cylinder tubing of the syringe is 
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made by first, removing the plunger and cutting a 6 mL syringe with 

scissors at the 5 cc mark.  This will produce a plastic piece with both 

sides open, one side flat.  Next, another cut is made at the 2 cc mark 

creating a plastic piece with one side open and the other side closed.  

The closed side is punctured to contain a 2 mm diameter hole in the 

center and placed aside.  Once the syringe piece with two openings is 

placed around the core, the acrylic is mixed.  After pouring the acrylic 

around the tooth core, completely covering it, light pressure needs to 

be placed on the acrylic to allow the material to fill in all possible 

voids.  Before the acrylic has set, a microbrush (Dentsply, Delaware) 

is inserted opposite from the tooth as a handle.  Insert the 

microbrush to be directly above the tooth and along the long axis of 

the acrylic.  The plastic piece of syringe tubing that was placed aside 

is then placed around the microbrush to hold the brush directly 

perpendicular to the table surface.  

Once the acrylic has set, the samples are polished.  The 

samples are polished by a five-step procedure.  The first step is done 

for two minutes with a polish wheel of 45 μm Apex Diamond 

Grinding Disc (Buehler, Illinois) at 225-rpm using water as a 

lubricant.  The second step, with the following steps, is polished for 

one minute on a 15 μm Apex Diamond Disc at 225-rpm with water.  

The third step is done using a Trident PSA (Buehler, Illinois) at 150-
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rpm with 9 μm Polycrystalline Diamond Suspension (Buehler, 

Illinois).  The Fourth step uses a Trident PSA at 150-rpm using a 3 

μm Polycrystalline Diamond Suspension (Buehler, Illinois).  The fifth 

step is done by using a Microcloth (Buehler, Illinois) at 150-rpm 

using a 0.05 μm MasterPrep® Polishing Suspension (Buehler, Illinois) 

as the lubricant. 

 

Figure 2a: For the modified method 40 experiment: Enamel cores were cut and placed 
in acrylic across from a microbrush inserted into the cap of a scintillation vial.  This kept 
the tooth exposed to the liquid without touching the bottom of the vial. 

Once the cores are polished they are attached to the lid of a 20 

mL scintillation vial.  This is done by poking a hole through the 

scintillation cap, inserting the microbrush and gluing it into place 

using Amazing Goop.  The core is barely above the bottom of the vial.  

The prepared specimens are immediately stored in 0.1% thymol 

(Fisher Scientific, New Jersey) until use. 
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2.10.2 Initial fluoride concentration in enamel  

The level of fluoride present in each enamel specimen was 

measured by the following procedure.  Specimens were removed from 

thymol and rinsed with nanopure water and dried prior to 

measurement.  Using a micropipette, 3 mL of 1.0 M perchloric acid 

(Fisher Scientific, New Jersey) was added to a 20 mL scintillation 

vial equipped with a stir bar.  Each enamel specimen was placed into 

separate perchloric acid solutions for 15 seconds.  The specimens 

were removed from the perchloric acid, rinsed with nanopure water 

and stored back into the vial with thymol.  The 3 mL of perchloric 

acid was analyzed for fluoride by ion specific electrode measurements 

and calcium content by atomic absorption measurements.  The 

micrograms of fluoride per gram (μg F/g) of enamel could be 

determined from these measurements. 
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Figure 2b: The enamel core was set in acrylic to maintain a 3 mm surface area of 
enamel exposure.  The specimen was then polished before being exposed to 
demineralizing solution. 

2.10.3 Fluoride uptake preparation  

The specimens need to be and were re-polished after the initial 

exposure to the perchloric acid.  The specimens are then 

demineralized for 24 hours.  After demineralization, the specimens 

were rinsed off with nanopure water. 

To determine fluoride uptake in enamel promoted by 

toothpaste in a Method 40 type of experiment, the specimens would 

be exposed to toothpaste and water slurry.  However, in this study, 

the specimens were exposed to a pit and fissure sealant that 

contained microencapsulated remineralizing agents.  To accomplish 

this, 0.25 grams of pit and fissure sealant was applied directly to the 

acrylic surrounding the enamel surface.  Care was taken not to 
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directly touch the enamel with the sealant.  The pit and fissure 

sealant was irradiated using a Spectrum 800 curing light at 600 

mW/cm2 for 1 minute per specimen.  A picture of the specimen in the 

presence of the pit and fissure sealant can be seen in Figure 1c.  The 

specimen was then placed into a new 20 mL scintillation vial with 5 

mL of nanopure water for 90 days.  After 90 days, the specimen was 

removed from the vial.  The specimen was exposed to 3 mL of 1 M 

perchloric acid and the procedure of section 2.10.2 was repeated to 

measure the μg F/g of enamel. 

For this study 3 sets of specimens were prepared.  A control 

group (n=12) was prepared with exposure to a pit and fissure sealant 

without microencapsulated remineralizing agents.  A second group 

with specimens (n=12) exposed to a sealant formulated with 2 w/w% 

NaF, 2 w/w% Ca(NO3)2 and 1 w/w% K2HPO4 microcapsules.  A third 

set of specimens (n=12) exposed to a sealant formulated with 5 w/w% 

NaF microcapsules. 
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Figure 2c: After enamel core was set in acrylic.  Pit and fissure sealant was placed on the 
acrylic surrounding the enamel surface and was polymerized.  The sample was allowed 
to soak for 90 days in water to determine if fluoride was taken up by the enamel surface. 

 

2.10.4 Measurements 

Fluoride measurements were done by potentiometry.  An ELIT 

8221 fluoride specific electrode was used with an ELIT 001N silver 

chloride reference electrode.  To a 20 mL scintillation vial, a 2:3 

dilution is made by adding a stir bar to 1.75 mL of the perchloric acid 

from the previous etching followed by 0.625 mL 2.5 M NaOH and 

0.25 mL total ionic strength adjustment buffer (TISAB). These 

amounts kept the pH around 5.2.  To test these samples, standards 

with the same ratio of TISAB were also made in the lab. The 

standards had 0.025 ppm F- and 0.226 ppm F-.  Calcium 
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measurements for enamel fluoride uptake studies were performed by 

atomic absorption using a Varian SpectrAA-200. 

 

2.10.5 Statistical analysis   

Standard deviations were calculated for each sample and a 

Tukey’s comparison was performed on the data collected after 90 

days. 

  



28 
 

 
 
 
 
 
 
 
 

 
 
 
 

CHAPTER 3 

___________________________________ 

Results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



29 
 

3.1 Introduction 

Charging of a dental material with fluoride is a potential 

strategy for the promotion of remineralization in the oral 

environment.  Introduction of water filled microcapsules into an 

orthodontic cement and pit and fissure sealant to determine if the 

presence of these microcapsules affects the ability of the material to 

charge and release fluoride ions was investigated.  The materials 

were formulated with microcapsules containing only nanopure water 

to unambiguously determine the source of the fluoride ion while a 

control material was prepared without microcapsules.  These four 

separate materials were brushed for 40 cycles with an over the 

counter toothpaste.  These formulations were soaked in nanopure 

water and the release of fluoride was measured over time. 

In addition to charging a dental material by brushing, it would 

potentially be advantageous to have that material capable of slow, 

sustained release of ions useful for remineralization.  Orthodontic 

cements and pit and fissure sealants were also prepared containing 

encapsulated aqueous solutions of calcium, phosphate, fluoride ions 

or mixtures of all three.  Also, the effect of microcapsules on the 

adhesion of the orthodontic cement with the bracket in place to the 

enamel was determined.  Finally, the ability of the enamel to uptake 
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the ions released from the microcapsules formulated into a pit and 

fissure sealant was demonstrated using the FDA Method 40. 

 

3.2 Fluoride charge and release 

 

Figure 3: Normalized concentration of fluoride ions released from microcapsules 
containing nanopure water loaded in orthodontic cement and the normalized 
concentration of fluoride ions released from orthodontic cement paste formulated 
without microcapsules.  The plot is the concentration of fluoride ions in ppm released 
from the orthodontic cement as a function of time in days. 

The effect of loading microcapsules into an orthodontic cement 

paste and the subsequent release of fluoride from the materials 

following toothbrushing was determined.  Figure 3 depicts the part 

per million of fluoride being released per gram of orthodontic cement 

as a function of time for two orthodontic cement formulations.  One 

formulation was prepared with microcapsules that contained 

nanopure water.  The other formulation was orthodontic cement with 

no microcapsules.  Both formulations, after being exposed to 40 cycles 
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of toothbrushing released fluoride ions over time.  As seen in Figure 

3, after 14 days, the control released 0.010 ppm of fluoride/g of 

cement.  The formulation with microcapsules released 0.069 ppm of 

fluoride/g of cement.   

 

Figure 4: Normalized concentration of fluoride ions released from microcapsules 
containing nanopure water loaded in pit and fissure sealant and the normalized 
concentration of fluoride ions released from pit and fissure sealant formulated without 
microcapsules.  The plot is the concentration of fluoride ions in ppm released from the 
sealant as a function of time in days. 

Figure 4 depicts the part per million of fluoride being released 

per gram of pit and fissure sealant as a function of time for two 

sealant formulations.  One formulation was formulated with 

microcapsules that contained nanopure water.  The other formulation 

was a sealant with no microcapsules.  Both formulations, after being 

exposed to 40 cycles of toothbrushing released fluoride ions over time.  

As seen in Figure 4, after 14 days, the control released 0.074 ppm of 
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fluoride/g of cement.  The formulation with microcapsules released 

0.119 ppm of fluoride/g of cement. 

 

3.3 Static ion release 

 

Figure 5: Normalized concentration of fluoride ions released from microcapsules 
containing 0.8 M sodium fluoride loaded in orthodontic cement paste.  The plot is the 
concentration of fluoride ions in ppm released from microcapsules loaded at 5 w/w% in 
an orthodontic cement paste formulation as a function of time in days. 

The ion release profile of fluoride ions from orthodontic cement 

manufactured to contain 5 w/w% microcapsules that contained an 

aqueous solution of 0.8 M sodium fluoride is shown in Figure 5.  The 

graph depicts the ppm of fluoride ion released per gram of 

orthodontic cement formulation as a function of time.  The ion release 

profile of calcium ions from orthodontic cement formulated with 3 

w/w% microcapsules that contained an aqueous solution of 5.0 M 

calcium nitrate tetrahydrate is shown in Figure 6.  
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Figure 6: Normalized concentration of calcium ions released from microcapsules 
containing 5.0 M calcium nitrate tetrahydrate loaded in orthodontic cement paste.  The 
plot is the concentration of calcium ions in ppm released from microcapsules loaded at 
3 w/w% in an orthodontic cement paste formulation as a function of time in days. 

The graph depicts the ppm of calcium ion released per gram of 

orthodontic cement formulation as a function of time.  The ion release 

profile of phosphate ions from orthodontic cement formulated with 3 

w/w% microcapsules that contained an aqueous solution of 6.0 M 

potassium phosphate dibasic is shown in Figure 7. 

 

Figure 7: Normalized concentration of phosphate ions released from microcapsules 
containing 6.0 M potassium phosphate dibasic loaded in orthodontic cement paste.  
The plot is the concentration of phosphate ions in ppm released from microcapsules 
loaded at 3 w/w% in an orthodontic cement formulation as a function of time in days. 
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The graph depicts the ppm of phosphate ion released per gram of 

orthodontic cement formulation as a function of time.  The ion release 

profile of fluoride, calcium and phosphate ions from an orthodontic 

cement manufactured to contain 2 w/w% microcapsules that 

contained an aqueous solution of 0.8 M sodium fluoride, 2 w/w% 

microcapsules that contained an aqueous solution of 5.0 M calcium 

nitrate tetrahydrate, and 1 w/w% microcapsules that contained an 

aqueous solution of 6.0 M potassium phosphate dibasic is shown in 

Figure 8.  The graph depicts the ppm of each individual ion released 

per gram of orthodontic cement formulation as a function of time. 

 

Figure 8: Normalized concentration of fluoride, calcium and phosphate ions released 
from 2 w/w% microcapsules containing 0.8 M sodium fluoride, 2 w/w% 5.0 M calcium 
nitrate and 1 w/w% 6.0 M potassium phosphate dibasic loaded in orthodontic cement 
paste.  The plot is the concentration of fluoride, calcium and phosphate ions in ppm 
released from microcapsules loaded at 5 total w/w% in an orthodontic cement 
formulation as a function of time in days. 

The ion release profile of fluoride ions from a pit and fissure 

sealant manufactured with 5 w/w% microcapsules that contained an 

aqueous solution of 0.8 M sodium fluoride is shown in Figure 9. 
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Figure 9: Normalized concentration of fluoride ions released from microcapsules 
containing 0.8 M sodium fluoride loaded in pit and fissure sealant. The plot is the 
concentration of fluoride ions in ppm released from microcapsules loaded at 5 w/w% in 
a pit and fissure sealant formulation as a function of time in days. 

The graph depicts the ppm of fluoride ion released per gram of 

sealant formulation as a function of time.  The ion release profile of 

calcium ions from a pit and fissure sealant manufactured with 5 

w/w% microcapsules that contained an aqueous solution of 5.0 M 

calcium nitrate is shown in Figure 10. 
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Figure 10: Normalized concentration of calcium ions released from microcapsules 
containing 5.0 M calcium nitrate loaded in pit and fissure sealant. The plot is the 
concentration of calcium ions in ppm released from microcapsules loaded at 5 w/w% in 
a pit and fissure sealant formulation as a function of time in days. 

The graph depicts the ppm of calcium ion released per gram of 

sealant formulation as a function of time.  The ion release profile of 

phosphate ions from a pit and fissure sealant manufactured with 5 

w/w% microcapsules that contained an aqueous solution of 6.0 M 

potassium phosphate dibasic is shown in Figure 11. 
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Figure 11: Normalized concentration of phosphate ions released from microcapsules 
containing 6.0 M potassium phosphate dibasic loaded in pit and fissure sealant. The plot 
is the concentration of phosphate ions in ppm released from microcapsules loaded at 5 
w/w% in a pit and fissure sealant formulation as a function of time in days. 

The graph depicts the ppm of phosphate ion released per gram of 

sealant formulation as a function of time.  The ion release profile of 

fluoride, calcium and phosphate ions from a pit and fissure sealant 

manufactured with 2 w/w% microcapsules that contained an aqueous 

solution of 0.8 M sodium fluoride, 2 w/w% microcapsules that 

contained an aqueous solution of 5.0 M calcium nitrate, and 1 w/w% 

microcapsules that contained an aqueous solution of 6.0 M potassium 

phosphate dibasic is shown in Figure 12.  Figure 12 depicts the ppm 

of each individual ion released per gram of sealant formulation as a 

function of time. 
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Figure 12: Normalized concentration of fluoride, calcium and phosphate ions released 
from 2 w/w% microcapsules containing 0.8 M sodium fluoride, 2 w/w% 5.0 M calcium 
nitrate and 1 w/w% 6.0 M potassium phosphate dibasic loaded in pit and fissure sealant. 
The plot is the concentration of fluoride, calcium and phosphate ions in ppm released 
from microcapsules loaded at 5 total w/w% in a pit and fissure sealant formulation as a 
function of time in days. 

 

3.4 Adhesion 

 

Figure 13: Box plot of pressure loaded before failure of orthodontic cement with 
microcapsules containing 2 w/w% microcapsules containing 0.8 M sodium fluoride, 2 
w/w% 5.0 M calcium nitrate and 1 w/w% 6.0 M potassium phosphate dibasic and 
orthodontic cement formulated without. 

The adhesion of the orthodontic cement to the enamel with the 

bracket in place was determined.  Figure 13 depicts the pressure the 
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orthodontic bracket underwent before failure and is compared side by 

side after quartiles were obtained.  The whiskers demonstrate the 

maximums and minimums.  The average for the control formulation 

without microcapsules was 8.32 ± 1.71 MPa.  The formulation with 

the microcapsules had an average of 8.56 ± 2.52 MPa. 

 

3.5 Enamel fluoride uptake 

The FDA Method 40 is a commonly used procedure to 

determine if fluoride uptake is promoted by the use of specific 

toothpastes.  The essence of this experiment entails contrasting the 

measured fluoride present in a tooth specimen before and after 

exposing the enamel to a fluoride containing dentifrice.  In this 

experiment, the standard Method 40 was modified to determine if a 

pit and fissure sealant that released fluoride resulted in enamel 

fluoride uptake. 

As described in the experimental section, the cores of bovine 

enamel specimen were set in acrylic.  These samples were measured 

for fluoride content by soaking in perchloric acid and determining the 

fluoride ion concentration by potentiometry.  The amount of fluoride 

was related to the amount of enamel in the specimen to determine 

the μg F/g of enamel present on the surface of the enamel specimen.  

The amount of enamel is determined by the calcium measured in the 
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acid etch solution using atomic absorption and relating it to the 

calcium content expected in enamel and the geometry of the enamel 

specimen.  This information allows one to determine the amount of 

enamel that was etched by the acid.  This is also reported in Table 1 

as “Depth of Etch” and is reported in micrometers (μm).  Initial 

fluoride and depth of etch measurements are reported in Table 1. 

 

Table 1: The modified Method 40 experiment measured the uptake of fluoride by 
demineralized enamel.  Additionally, the resistance to acid etch was determined in the 
course of this experiment.  The enamel fluoride uptake was reported as μg F/g of enamel 

for 3 formulations. 

After demineralizing the enamel specimens, the pit and fissure 

formulations were applied on the acrylic surrounding the enamel 

specimen, but not covering the surface of the enamel as seen in 

Figure 2c.  The enamel was allowed to soak in nanopure water for 

three months.  After three months, the fluoride content in the enamel 

was determined by soaking in the perchloric acid.  The post-exposure 

to pit and fissure sealant measurements are reported in Table 1. 

The change in fluoride in the different specimens can be 

compared in Table 1.  Bovine enamel that contained 2.2 ± 2.1 μg F/g 

of enamel prior to exposure to a sealant without microcapsules had 
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2.3 ± 0.5 after 90 days.  Enamel exposed to sealant with 5 w/w% NaF 

microcapsules went from 3.5 ± 3.5 μg F/g of enamel prior to exposure 

to 148 ± 76 after 90 days.  Enamel exposed to sealant with 2 w/w% 

NaF, 2 w/w% Ca(NO3)2 and 1 w/w% K2HPO4 microcapsules went 

from 1.7 ± 0.7 μg F/g of enamel  prior to exposure to 190 ± 137 after 

90 days. 
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Considering the delicate balance of demineralization and 

remineralization of the enamel in the oral environment, the purpose 

of this study was to develop a new approach to promote 

remineralization using polyurethane based microcapsules as a filler 

in orthodontic cement paste and pit and fissure sealant.  To promote 

remineralization, the paste and sealant would ideally release 

remineralizing ions (e.g. calcium, phosphate, fluoride) contained 

within the microcapsules.  Furthermore, if inclusion of microcapsules 

in orthodontic cement enhanced the uptake and release of additional 

fluoride ions due to toothbrushing while not adversely effecting 

adhesion, an improvement could potentially be achieved.  If 

microcapsules formulated within the pit and fissure sealant also 

charged with fluoride upon brushing as well as released ions that 

resulted in the uptake of fluoride in the enamel then this study would 

provide insight to test if a bioactive dental material can promote the 

uptake of fluoride by demineralized enamel. 

This study expands the remineralizing work previously done 

by Davidson et al. who reported the use of microcapsules for the 

release of remineralizing ions into water.  In that study, the 

composition of the microcapsule shell and initial concentration of ions 

was explored to control the rate of release of remineralizing ions [49].  

Falbo et al. documented the long-term use of microcapsules as 
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phosphate ions passed through a semipermeable membrane within a 

dental formulation over an extended period of time [50].  In Falbo’s 

study, the role of the continuous phase, microcapsule loading and 

how they affect the ion release rate was reported.  In this new study, 

the question of whether the presence of the semipermeable 

membrane in the form of the microcapsule shell could possibly assist 

in the absorption or adsorption of fluoride ions for release after 

realistic daily exposure from toothbrushing was explored.  In 

materials formulated with microcapsules that contained only water, 

the microcapsule could potentially absorb or adsorb fluoride and 

release it into the environment.  In this study, fluoride ions were 

introduced to orthodontic cement and pit and fissure sealant, which 

were formulated with water filled microcapsules, through 

toothbrushing with an over-the-counter toothpaste.  Additionally, the 

effect of microcapsules on adhesion of orthodontic cement to enamel 

was explored for the first time.  This study goes further by 

determining the effectiveness of pit and fissure sealant by 

demonstrating the level of bioavailable fluoride by the incorporation 

onto the surface of demineralized enamel.  Finally, in Falbo et al., 

only the release of phosphate ions from varnish and glaze 

formulations was reported.  In this paper, the release of calcium and 

fluoride ions, in addition to phosphate ions was studied from 
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orthodontic cement and pit and fissure sealant formulated with 

microencapsulated aqueous solutions of sodium fluoride, calcium 

nitrate and potassium phosphate dibasic. 

Previous work demonstrated that passive diffusion of ions 

from dental materials formulated with the microcapsules is primarily 

driven by a concentration gradient.  In this study, the possibility of 

charging a dental material with microcapsules that contained 

nanopure water with fluoride was examined.  In order to 

unambiguously determine the source of fluoride ions measured, the 

orthodontic cement and pit and fissure sealant were formulated to 

contain microcapsules with nanopure water before being exposed to 

fluoride ions through simple brushing.  As a control, orthodontic 

cement and pit and fissure sealant with no microcapsules were also 

prepared.  When the cement and sealant formulations were brushed, 

all four formulations either absorbed or adsorbed and subsequently 

released fluoride.  As seen in Figures 3 and 4, the formulation 

containing microcapsules released over 60% more fluoride per gram 

of formulation than the control.  After the similar initial burst of 

fluoride ions from all four formulations, the control formulations 

stopped releasing fluoride between days one and four, whereas the 

formulations containing microcapsules still continued to release 

fluoride ions after one week.  The formulations with water containing 
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microcapsules could have released more fluoride after toothbrushing 

for a number of potential reasons.  The fluoride ions could have 

absorbed into the more polar semipermeable polyurethane membrane 

found at the surface of the material and absorb into the interior for 

rerelease.  Another explanation could be that the addition of the 

polar microcapsules into the non-polar hydrophobic dental material 

has changed the overall polarity of the material where ions may be 

more attracted to the material than one formulated without any 

microcapsules.  Therefore, the more polar material could enhance 

charging relative to a less polar hydrophobic control.   

An aspect of this current study examined whether the 

adhesion properties of orthodontic cements that contained 

microcapsules were different from a control formulation that was 

manufactured without microcapsules.  An orthodontic cement paste 

that contained 2 w/w% of 0.8 M sodium fluoride, 2 w/w% of 5.0 M 

calcium nitrate and 1 w/w% of potassium phosphate dibasic 

formulation and a control formulated without microcapsules was 

prepared.   Figure 13 shows the adhesion data of these two different 

formulations.  This experiment demonstrated little effect on the 

adhesion to conditioned enamel based on the presence of the 

microcapsules in the cement formula.  This suggests that whatever 

viscosity variation occurs with the microcapsule formula, the prime 
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influence on adhesion is derived from the acid conditioning and the 

application of the primer.  There was no visual evidence of any 

difference in the adaptation of the cement to the bracket mesh 

between the two formulas.  The development of an orthodontic 

cement paste that releases fluoride (in addition to calcium and 

phosphate ions) with acceptable adhesion properties could result 

from the mechanism of fluoride release being from simple diffusion of 

fluoride through a semipermeable membrane triggered by 

concentration gradients as opposed to etching and dissolution 

mechanisms.  The addition of polyurethane based semipermeable 

microcapsules as filler within orthodontic cement paste could 

promote remineralization of the tooth. 

After charging water filled microcapsules within the 

orthodontic cement and pit and fissure sealant with fluoride through 

simple tooth-brushing and determining the adhesion of the 

orthodontic cement a study was set up to determine if orthodontic 

cement paste and pit and fissure sealant formulated to contain 

microencapsulated remineralizing agents preloaded into the 

microcapsule can release ions (calcium, fluoride and phosphate) at a 

slow, sustained rate over an extended period of time.  Separate 

orthodontic cement pastes and pit and fissure sealants were 

formulated to contain microcapsules with aqueous solutions of 
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calcium, fluoride or phosphate ions preloaded inside of the 

polyurethane shell.  These materials were prepared with each 

individual ion to give a sense of ion release potential without 

precipitation.  The materials were formulated with these 

microcapsules and the release was reported as part per million (ppm) 

as a function of time in days in Figures 5-12.  Ion release is 

demonstrated over nine or six months respectively.  Based on these 

results and previous studies of phosphate ion release from glazes, the 

potential to release ions throughout the projected lifetime of the 

material in the oral environment should be achievable [50].  Figure 8 

shows a release profile of fluoride, calcium and phosphate ions from 

an orthodontic cement paste containing 2 w/w% of 0.8 M sodium 

fluoride, 2 w/w% of 5.0 M calcium nitrate and 1 w/w% of 6.0 M 

potassium phosphate dibasic formulation or a mixture of all three 

ions.  Potential for precipitation of insoluble calcium phosphates and 

calcium fluoride could effectively explain the difference between 

individual ion release profiles with that of mixed microcapsule 

formulations.  Although mixed microcapsule formulations appear to 

have a lower ion release rate, it may be the precipitation of insoluble 

calcium phosphates or calcium fluoride.  If this occurs in the presence 

of the enamel surface, remineralization would be promoted. 
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Three different pit and fissure sealant formulations were 

prepared in which only one type of ion was present.  One formulation 

contained 5 w/w% microcapsules with an aqueous solution of 0.8 M 

sodium fluoride.  One formulation contained 5 w/w% microcapsules 

with an aqueous solution of 5.0 M calcium nitrate.  One formulation 

contained 5 w/w% microcapsules with an aqueous solution of 6.0 M 

potassium phosphate dibasic.  The ion release profile of these three 

formulations was used to demonstrate the efficacy of the individual 

ion release from each formulation.  A fourth formulation that 

contained all three types of microcapsules was also prepared, even 

though it was expected for various precipitation events to occur in 

solution post-release of the ions.  However, it is these precipitates 

that would be expected to promote remineralization.  Therefore, the 

formulation of mixed microcapsules was contrasted with the fluoride 

only formulation for promotion of enamel fluoride uptake in the 

modified Method 40 experiment.  A control formulation with no 

microcapsules was also prepared for comparison in the enamel 

fluoride uptake study. 

An important step in determining the effectiveness of 

particular toothpastes is the demonstration that the dentifrice has a 

specific level of bioavailable fluoride and that the fluoride is indeed 

bioactive by incorporation onto the surface of demineralized enamel.  
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Unlike toothpaste, where an immediate presence of all the 

bioavailable fluoride is desirable during brushing, the pit and fissure 

sealant would conceivably be more effective in presenting only small, 

controlled levels of fluoride over sustained periods of time 

(presumably the lifetime of the sealant).  Therefore, there was no 

interest in measuring the total bioavailable fluoride in the sealant at 

one time.  However, similar to toothpaste, if the pit and fissure 

sealant was releasing fluoride over the course of months it would be 

important to demonstrate that demineralized enamel in the presence 

of this fluoride releasing material indeed led to remineralization of 

the enamel.  In this regard, the FDA Method 40 is a common protocol 

for the demonstration of fluoride uptake by demineralized enamel. 

The results of the modified Method 40 are seen in Table 1.  

Typically these results report two significant values.  The first value 

is the μg F/g of enamel.  This measurement is in essence reporting 

the amount of fluoride that was in the enamel etched by the 

perchloric acid from the surface of the tooth.  This is measured before 

and after exposure to the bioactive material.  An increase in this 

number after exposure to the fluoride releasing material would be a 

positive result in which it is assumed the material promoted fluoride 

uptake in the enamel structure.  The other measurement reported is 

the depth of etch.  This correlates how much enamel was removed 
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from the surface of the tooth during the etching period.  Presumably, 

a surface with an increased amount of fluoride incorporated would 

likely etch at a slower rate due to the correspondingly lower KSP of 

fluorapatite than hydroxyapatite in aqueous solution. 

As expected, the control formulation manufactured without 

microcapsules did not promote the uptake of fluoride in 

demineralized enamel.  In essence, μg F/g of enamel that was etched 

contained approximately the same amount of fluoride.  However, 

when a sealant was formulated with 5 w/w% of 0.8 M aqueous 

sodium fluoride solution, a significant increase in the μg F/g of 

enamel was observed between the before and after samples.  This 

formulation, on average, increased the amount of fluoride by 145 

ppm.  This formulation also leads to a corresponding decrease in the 

depth of etch measurement, on average, by 100 μm.  These results 

suggest that the pit and fissure sealant was an effective source of 

bioavailable fluoride.  The increase in acid etch resistance of the 

enamel is an indication of fluoride incorporation on the surface of the 

enamel. 

The modified Method 40 was also used to study another 

sealant containing microencapsulated remineralizing agents.  In this 

experiment, the microcapsule loading was held constant at 5 w/w%.  

In this formulation, 2 w/w% of microencapsulated aqueous solutions 
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of 5.0 M calcium nitrate and 1 w/w% of 6.0 M potassium phosphate 

dibasic were incorporated into the formulation along with 2 w/w% of 

microencapsulated aqueous solutions of 0.8 M sodium fluoride.  This 

experiment resulted in a formulation with only 40% of the fluoride 

ion compared to the formulation with only microencapsulated 

fluoride solutions.  The experiment was designed to study if the 

presence of calcium and phosphate ions has the potential of 

enhancing remineralization as determined by fluoride uptake in the 

enamel.  The sealant that was formulated with 2 w/w% of 0.8 M 

aqueous sodium fluoride solution, in the presence of calcium and 

phosphate ion containing microcapsules, had a compelling increase in 

the μg F/g of enamel between the before and after samples.  This 

formulation, on average, increased the fluoride by 188 ppm.  This 

formulation also leads to a corresponding decrease in the depth of 

etch measurement, on average, by 76 μm.  These results suggest that 

this pit and fissure sealant was also an effective source of 

bioavailable fluoride. 

The results of the modified Method 40 experiment may suggest 

that the incorporation of microencapsulated remineralizing agents 

into a pit and fissure sealant promote the uptake of fluoride into 

demineralized enamel.  When considering the fact that the 

formulation with calcium and phosphate had only 40% of the fluoride 
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than the fluoride only formulation, it is suggestive that calcium and 

phosphate play a role in the effective incorporation of fluoride onto 

the enamel surface during remineralization.  Possible explanations 

for this could be the focus of future research.  One possible 

explanation of this finding is that when calcium and phosphate ions 

are made available, other minerals that are richer in fluoride content 

than fluorapatite are potentially available for precipitation onto the 

enamel surface.  Presumably in the fluoride only formulation, the 

most common inclusion of fluoride would come in the form of 

fluorapatite on the surface of the enamel structure.  For the 2/2/1 

formulation, it is possible that the calcium ion may promote the 

incorporation of fluoride into the enamel surface structure during 

remineralization. 
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The addition of polyurethane based semipermeable 

microcapsules as filler material within orthodontic cement paste and 

pit and fissure sealant could improve tooth health and appearance 

through the releasing of remineralizing ions over time and the 

charging of fluoride ions through daily routine brushing.  The 

adhesive properties of the orthodontic cement paste was unaffected 

by the addition of the polyurethane based microcapsules as filler 

material.  The sealant showed the capability to remineralize 

demineralized tooth structure though the uptake of fluoride into the 

demineralized enamel.  The results found are promising to continue 

moving forward and investigating the roles polyurethane based 

microcapsules as a potential bioactive filler has in dental materials. 
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